The aim of this study was to investigate the effect of trace element supplementation on operation of wheat stillage-fed biogas tank reactors. The stillage used was a residue from bio-ethanol production, containing high levels of sulfate. In biogas production, high sulfate content has been associated with poor process stability in terms of low methane production and accumulation of process intermediates. However, the results of the present study show that this problem can be overcome by trace element supplementations. Four lab-scale wheat stillage-fed biogas tank reactors were operated for 345 days at a hydraulic retention time of 20 days (37 W C). It was concluded that daily supplementation with Co (0.5 mg L À1 ), Ni (0.2 mg L À1 ) and Fe (0.5 g L À1 ) were required for maintaining process stability at the organic loading rate of 4.0 g volatile solids L À1 day À1 .
INTRODUCTION
Stillage is a by-product from ethanol distillation, which can be utilized for biogas production. The ethanol distillation process requires a hydrolysis step, for which sulfuric acid can be applied and therefore the resulting stillage will contain sulfate concentrations which may negatively affect the biogas process (Wilkie et al. ; Hutnan et al. ) . This is because sulfate is a more favorable electron acceptor than CO 2 resulting in less methane formed, which is why sulfate should ideally be minimized or eliminated before anaerobic digestion (AD). Thus, during AD, sulfate is reduced to sulfide by sulfate-reducing bacteria, and these organisms compete with the methanogens for acetate and hydrogen (Koster et al. ; Hilton & Oleszkiewicz ; Harada et al. ) . In addition, inhibition by sulfide has been suggested to be a common reason for biogas process failure (Chen et al. ) . High contents of sulfides may also be problematic due to precipitation and complexation of metals, with consequent reductions in the availability of trace metals for microorganisms. For instance, Barber & Stuckey () proposed that sulfide precipitation reduces the bioavailability of Fe, Co and Ni as nutrients in anaerobic biogas processes, and that the complexing potential increases with increased sulfide concentrations. This indicates that metal supplementations may improve processes with high sulfur levels. Following an investigation of the effects of Fe, Ni, Zn and Co on the total methanogenic and sulfidogenic activities in the anaerobic metabolization of sulfate-laden organics, Patidar & Tare () found that metal supplementations (especially Fe and Co additions) stimulated methanogenic and sulfidogenic activities. Positive effects [i.e. increasing methane production rates and organic loading rates (OLRs), with concomitant reductions in levels of volatile fatty acids (VFAs)] of trace element addition has also been shown with a large number of other substrates (Murray & Alger et al. () found that Co was required as a growth factor for cultures in corn stillage-fed thermophilic anaerobic sequencing batch reactors, at an OLR of 7.50 g total chemical oxygen demand (TCOD) L À1 day À1 . Espinosa et al. () observed positive effects following additions of Fe, Co, Ni and Mo to a molasses stillage-fed UASB process, including significant reductions in levels of VFAs and increased gas production [OLR of 21.5 g chemical oxygen demand (COD) L À1 day À1 ]. Biogas production from stillage has also been studied by Wilkie et al. () and Hutnan et al. () . The former reviewed stillage characterization, stillage treatment and by-product recovery in the ethanol industry, and concluded that high levels of potassium, metals and sulfate, and the presence of phenolic compounds, are all connected to stillage digestion deficiencies. They also presented observations regarding the performance of both mesophilic and thermophilic AD processes, in which several types of stillage were utilized. The mesophilic processes were operated at OLRs between 9-12 g COD L À1 day À1 . Similar results were obtained for the thermophilic processes regarding methane production and CODreduction, but with twice the OLR as for the mesophilic systems (Wilkie et al. ) . Hutnan et al. () treated wheat stillage in one-and two-stage laboratory-scale reactors at an OLR of 12 g L À1 day À1 , but the sulfate level of this process was not known.
However, to the best of our knowledge there have been no published studies on the effects of trace element amendments to wheat stillage-fed biogas processes. Therefore, the aim of this study was to investigate the effects of such supplementation on processes in wheat stillage-fed biogas tank reactors, and the scope for using supplementations to stabilize their operation at an OLR of at least 2.5 g volatile solids (VS) L À1 day À1 (approximately corresponding to 4 g COD L À1 day À1 ).
MATERIALS AND METHODS

Reactor startup and sampling
Four 5 L glass bottles (designated J1-J4) with two openings at the top were used in the experiments. The contents were mixed at 400 rpm 4 × 15 min day À1 and both 10 min before and after sampling/feeding. For details regarding reactor design and daily maintenance, see Feng et al. () . The four reactors were operated at 37 W C for 345 days with an HRT of 20 days. Inocula were collected from a pilotscale biogas plant and wheat stillage was obtained from Lantmännen Agroetanol AB, Norrköping, Sweden. The stillage was stored at À20 W C and thawed at room temperature before feeding. The total solids (TS) and VS content for the stillage was 16% and 95% TS respectively, and for the inoculum it was 6% and 83% TS, respectively. Amongst other trace metals, the inoculum contained 12 mg Co kg TS À1 , 11 mg Ni kg TS À1 and 10,100 mg Fe kg TS À1 . The trace metal levels were generally much lower in the wheat stillage, which contained 0.56 mg Co kg TS À1 , 0.63 mg Ni kg TS À1 and 180 mg Fe kg TS À1 . Moreover, the wheat stillage contained almost twice as high levels of sulfur as the inoculum (11,500 and 5,900 mg kg TS À1 , respectively). All four reactors were started at an OLR of 3.6 g VS L À1 day À1 , which was increased in two steps by 0.6 g VS L À1 day À1 , reaching 4.8 g VS L À1 day À1 at day 7. The OLR was decreased to 2.7 g VS L À1 day À1 at day 50, due to accumulation of VFAs and a decrease in pH. From day 57 to 114, an OLR of 1.0-1.5 g VS L À1 day À1 was applied, after which it was increased, in intervals of 0.5 g VS L À1 day À1 , reaching 2.5 g VS L À1 day À1 at day 120. However, due to increasing VFA levels, the OLR once again was reduced to 1.5 g VS L À1 day À1 at day 139. After a second process recovery, the OLR was increased (starting at day 160), as above, reaching 2.5 g VS L À1 day À1 at day 167. This OLR was then kept constant for reactors J1 and J2, while for J3 and J4 the OLR was further increased in intervals of 0.5 g VS L À1 day À1 from day 265, reaching a final value of 4.0 g VS L À1 day À1 at day 278, which was sustained until the end of the experiment (day 345).
Supplementations of Fe (from a stock solution of FeCl 2 ) was applied to precipitate sulfide, starting with a single dose of 0.8 g L À1 stillage on day 11, followed by a daily addition of 0.5 g L À1 thereafter (with the exception of day 146-195 where it was 1.0 g L À1 ). Co amendment (from a stock solution of CoCl 2 × 6 H 2 O) started at day 80, with daily feedings of 0.1 mg L À1 day À1 , and was increased to 0.5 mg L À1 day À1 from day 146. Ni supplements (from a stock solution of NiCl 2 × 6 H 2 O) commenced from day 140 at 0.04 mg L À1 day À1 , increasing at day 146 to 0.2 mg L À1 day À1 . Between days 146 and 194, Se and W (from stock solutions of Na 2 SeO 3 × 5 H 2 O and Na 2 WO 4 × 2 H 2 O) were added at 0.05 and 0.1 mg L À1 day À1 , respectively. The trace element amendment over time is summarized in Table 1 . Moreover, single doses of CaCO 3 (s) were added at days 89 and 103 in order to increase pH (2-15 g reactor À1 ).
Evaluation of biogas process performance
The biogas process performance was evaluated by measuring the total gas and methane production, the content of hydrogen sulfide in the gas, pH, VFA concentrations and VS reduction. The total gas production was determined using gas meters, working on the basis of water displacement, and the methane production was measured once a week using a GFM 165,400 Gas Analyser (Gas Data Ltd, Whitley, UK). The hydrogen sulfide content of the gas phase was determined using Dräger tubes for short-term hydrogen sulfide measurements (Accuro Gas Detection Pump, Dräger Safety Sweden AB 
RESULTS AND DISCUSSION
The performance of the four reactors in terms of methane production rates, VFA concentrations and pH is illustrated in Figures 1-3 . A more or less immediate increase in VFA (mainly acetate) led to reductions in pH and methane formation rates at around day 50. To abate this process decline, the OLR was decreased from 4.8 to 2.7 g VS L À1 day À1 on day 50 and further to 1.0 g VS L À1 day À1 on day 56. Co was added from day 80 (Table 1) . However, the reactor performance continued to decline, thus, on day 100, the pH was at 6.0-6.4 and methane production had decreased from the initial ca. 400 to 30-100 mL methane g VS in À1 day À1 (Figure 1 ). CaCO 3 (s) was added in order to increase the pH, but the process did not respond to this treatment.
To prevent total process failure, half of the reactor liquid volumes were exchanged for new material from the pilot plant on day 103. The process immediately recovered with respect to pH, VFA concentrations and methane production. Fe (0.5 g L À1 day À1 ) and Co (0.1 mg L À1 day À1 ) supplementations continued and at day 120 the OLR was increased to 2.5 g VS L À1 day À1 . On day 138, however, the pH started to drop again in two of the reactors (J1 and J2). The OLR was then decreased Figure 1 | Methane production (mL methane g VS in À1 day À1 ) in reactors J1-J4 from day 1 to day 348. to 1.5 g VS L À1 day À1 in all four reactors and Ni supplement was started on day 140 (0.04 mg L À1 day À1 ; Table 1 ). The processes did not respond to the measures applied and pH continued to drop, in reactor J4 as well as in J1 and J2. On day 146 metal dosing was increased, by doubling Fe additions, and increasing Co and Ni amendments five-fold. Se and W supplements were also started (Table 1) . These treatments resulted in decreased VFA concentrations, increased pH and stabilized methane production within a week. After another week (day 160), the processes were recovered, i.e. average pH rose to ca. 7.5, there were no detectable VFAs and methane production averaged 460 mL methane g VS in À1 day À1 in the four reactors (Figures 1-3 ). The OLR was then increased again, reaching 2.5 g VS L À1 day À1 at day 167. At day 195 the Fe addition was decreased to 0.5 g L À1 day À1 and the Se and W additions were terminated. The processes remained stable for more than three HRTs after these changes. During the period of stable operation (from day 160), the pH varied between 7.4 and 7.8, VFA concentrations were below detection limits and the weekly average methane production was 410 mL methane g VS in À1 day À1 , with a relative standard deviation of 11% for the four reactors. From day 265 the OLR was increased in reactors J3 and J4, reaching 4.0 g VS L À1 day À1 on day 278. On day 345, process conditions in all reactors were still stable (Figures 1-3) , but the pH was 7.5 in reactors J1 and J2, while at 7.8 in J3 and J4 (Figure 3) . The VS reduction amounted to 60-70% from days 1 to 50 (data not shown), and thereafter varied between 10-60% due to the instability of the process. Under stable conditions (from day 160 onwards) the VS reduction was around 70% in all reactors. The amount of hydrogen sulfide in the gas was considerably higher when the process was operated at 4.0 g VS L À1 day À1 (0.4-0.5%) than when it was operated at 2.5 g VS L À1 day À1 (0.2%). On two occasions the pH dropped and VFAs (mainly acetic acid) accumulated, indicating an imbalance in the conversion rates of the biogas process. On the first occasion, half of the reactor material was exchanged with new material from the pilot plant. This material contained higher levels of Co and Ni than the experimental reactor material and the substrate. As only Fe was added to the reactors at the beginning of the experiment (day 11), the levels of Co and Ni decreased over time in the reactor material (data not shown). All reactors immediately recovered after the Co and Ni addition; hence the instability was likely caused by Co and Ni washout. On the second occasion of instability, indicated by a pH decrease and an increase in VFA, a five-fold increase in Co and Ni supplements were introduced, together with Se and W additions. This treatment resulted in full recovery of the process within 2 weeks, and it was concluded that the process instability was connected to poor availability of trace elements. The removal of Se and W did not have any effects on the process, since it continued to be stable until termination (after more than three HRTs). Accordingly, Se and W supplementations were not necessary at ORLs of up to 4.0 g VS L À1 day À1 . These findings show that the cause of process instability was linked to poor availability of Co and/or Ni.
In accordance with results from previous studies (Barber & Stuckey ; Gonzalez-Gil et al. ; Patidar & Tare ) , this was likely connected to the high sulfide content in the reactors and metal-sulfide interactions. However, this has to be further investigated to be definitively established. Clearly, there were critical limits for the amount of Co and Ni supplementations. 0.1 mg Co L À1 day À1 and 0.04 mg Ni L À1 day À1 were not sufficient for stable process operation, even at an OLR of 1.0 g VS L À1 day À1 . Whether only one or both of the trace metals were responsible for the stabilization of the process cannot be concluded from this study.
During stable operation (from day 160 to 345), the methane production in all four reactors was about 400 mL methane g VS in À1 day À1 (equivalent to 250 mL methane g À1 total COD in À1 ) and the VS reduction was about 70% at the OLR of 2.5-4.0 g VS L À1 day À1 (equivalent to 4-6.4 g COD L À1 day À1 ). These results are in accordance with previous reports for methane production from stillage [Hutnan et al. () , cannot be compared to what was obtained in this study since the substrate and process characteristics (including sulfur levels) differs considerably. Moreover, higher OLR than 4.0 g VS L À1 day À1 was not tried out in our study.
CONCLUSIONS
Evidently, it was essential to augment the mesophilic wheat stillage-fed biogas tank reactors with Co and Ni for continuous stable process operation. To the best of our knowledge this is the first time that this has been clearly demonstrated. The sulfur concentration of the wheat stillage used in this study was 11,500 mg S kg TS À1 , due to the sulfuric acid used during the ethanol fermentation. The high sulfide content may have affected the availability of Co and Ni, and thus the additions of these trace elements improved the process conditions. The interactions between the sulfides and the trace elements are presently further investigated in our laboratory. The optimum supplementation amounts for biogas production were not established in this study, but it was concluded that 0.5 g Fe L À1 day À1 , 0.5 mg Co L À1 day À1 and 0.2 mg Ni L À1 day À1 were sufficient for stable process operation at OLRs up to 4.0 g VS L À1 day À1 . Moreover, supplementation of 0.1 mg Co L À1 day À1 and 0.04 mg Ni L À1 day À1 was evidently too low for the present processes.
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